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[1] Observations have shown that mesospheric hydroxyl (OH) is affected by energetic
electron precipitation (EEP) at magnetic latitudes connected to the outer radiation belt. It
is not clear, however, if the current satellite-based electron flux observations can be used
to accurately describe EEP in atmospheric models. We use the Sodankylä Ion and Neutral
Chemistry (SIC) model to reproduce the changes in OH and ozone observed by the
Microwave Limb Sounder (MLS/Aura) during four strong EEP events. The daily mean
electron energy-flux spectrum, needed for ionization rate calculations, is determined by
combining the Medium Energy Proton and Electron Detector fluxes and spectral form
from the instrument for the detection of particles high-energy electron detector on board
the DEMETER satellite. We show that in general SIC is able to reproduce the observed
day-to-day variability of OH and ozone. In the lower mesosphere, the model tends to
underestimate the OH concentration, possibly because of uncertainties in the electron
spectra for energies >300 keV. The model predicts OH increases at 60–80 km, reaching
several hundred percent at 70–80 km during peak EEP forcing. Increases in OH are
followed by ozone depletion, up to several tens of percent. The magnitude of modeled
changes is similar to those observed by MLS and comparable to effects of individual
solar proton events. Our results suggest that the combined satellite observations of
electrons can be used to model the EEP effects above 70 km during geomagnetic storms,
without a need for significant adjustments. However, for EEP energies >300 keV
impacting altitudes <70 km, correction factors may be required.
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1. Introduction
[2] The odd hydrogen family (HOx = H + OH + HO2)
plays an important role in the mesospheric O3 balance by
participating in catalytic ozone-destroying reactions and in
reactions between different forms of other ozone-depleting
compounds. However, continuous satellite observations of
OH and HO2 became available less than 10 years ago, after
the launch of the Microwave Limb Sounder (MLS/Aura)
instrument in 2004 [Pickett et al., 2008]. In the mesosphere,
the primary HOx production mechanism is photodissociation
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of water vapor by solar radiation ( < 200 nm)
and its loss is due to “cannibalistic” reactions such as
OH + HO2 ! H2O + O2. The OH concentration increases
by roughly an order of magnitude during daytime, except
in a narrow layer around 82 km where a reaction between
ozone and atomic hydrogen creates a nighttime OH maxi-
mum [Pickett et al., 2006]. In the polar regions, enhance-
ments of HOx occur during energetic particle precipitation
events, when increases in ionization rates lead to odd hydro-
gen production through ionization and water cluster ion
chemistry [Heaps, 1978; Solomon et al., 1981; Verronen
and Lehmann, 2013]. Large changes are caused by solar
proton events (SPE), during which high fluxes of highly
energetic protons, related to coronal mass ejections from
Sun, can affect the mesosphere and upper stratosphere for
several days. For example, in the case of the January 2005
SPE, order-of-magnitude OH increases have been observed
at 60–80 km, with subsequent decreases in ozone by
50–90% [Verronen et al., 2006; Damiani et al., 2008]. Ener-
getic particle precipitation can increase HOx below about
80 km, where there is enough H2O for water cluster ion
formation. At these altitudes, the nighttime background con-
centration of HOx is low and its chemical lifetime varies
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Figure 1. (left) EEP flux-energy spectra on selected days in January 2005. (right) Corresponding
calculated atmospheric ionization rate profiles for the Northern Hemisphere modeling location.
between 0.1 and 1 day [e.g., Pickett et al., 2006]. This means
that HOx is a useful monitor species for short-term precipi-
tation variations, because its concentration responds rapidly
to both increases and decreases in particle forcing [Damiani
et al., 2010; Verronen et al., 2011].
[3] Recent observational studies using data from the
Medium Energy Proton and Electron Detector (MEPED/
POES) and Microwave Limb Sounder (MLS/Aura) have
shown that radiation belt electrons, precipitating into the
atmosphere during magnetic storms, have a significant effect
on mesospheric nighttime hydroxyl concentrations at mag-
netic latitudes between 55ı and 72ı. Verronen et al. [2011]
studied 2 months, March 2005 and April 2006, and found
a significant correlation between electron count rates and
hydroxyl in both hemispheres providing some of the first
experimental evidence that electron precipitation could pro-
duce significant HOx changes. Electron precipitation was
shown to cause day-to-day OH changes up to 100% and
explain 56–87% of the OH variability. Andersson et al.
[2012] extended the correlation study and analyzed 65
months between 2004 and 2009. In about 34% of the time,
they found a clear correlation between electron counts and
hydroxyl concentrations. In both studies, the largest OH
response was seen at 70–78 km altitude, while below 50 km
and above 80 km no correlation was found.
[4] The relation between the electron counts measured
in the radiation belts and the precipitating electron fluxes
is in many cases not trivial, because satellite instruments,
such as MEPED/POES, typically measure only a fraction
of the precipitation and the electron measurements can be
contaminated by protons [Rodger et al., 2010a]. Recent
studies using ground-based measurements have indicated
that an adjustment of >30 keV electron fluxes, up to a fac-
tor of 10, may be needed in order to produce the observed
ionospheric response in models [Hendry et al., 2012;
Clilverd et al., 2012]. However, because the ground-based
instruments used in these studies can monitor an altitude-
integrated response only, it is not clear if the required
adjustment depends on electron energy. On the other hand, it
is increasingly likely that an adjustment is needed for elec-
tron energies >300 keV. According to radiation belt models
(R.B. Horne, private communication, 2013), when electron
energy increases toward MeV level, there is increasingly
uneven effect of wave-particle scattering on the bounce
loss cone (BLC). This means that the distribution of elec-
trons with a given energy changes inside the BLC. As a
result, a satellite instrument sampling only a fraction of the
BLC, such as MEPED, is likely to miss a larger part of
precipitating electrons at high energies.
[5] In this paper, we use the Sodankylä Ion and Neutral
Chemistry (SIC) model to study the effect of precipitat-
ing radiation belt electrons on mesospheric OH and O3.
The electron spectra input to the model was calculated
using flux observations of MEPED/POES and a power law
form previously found to be appropriate using data from
the IDP (instrument for the detection of particles) high-
energy electron detector on board the DEMETER (Detection
of Electromagnetic Emissions Transmitted from Earthquake
Regions) microsatellite [Clilverd et al., 2010]. A detailed
comparison between the model results and OH observations
from MLS/Aura allows us to test the quality of the electron
spectra at different electron energies.
Table 1. Details of the Monthly Casesa
Modeling Modeling Locations EEP Peak Day RD Number of MLS
Month Period (day) (geographic) (day) (day) Profiles (NH/SH)
January 2005 01–10 60ıN/0ıE, 50ıS/105ıE 02 01 57–68/18–24
March 2005 05–10 60ıN/0ıE, 65ıS/0ıE 07 05 95–105/52–69
May 2005 25–31 55ıN/75ıW, 65ıS/0ıE 30 29 13–19/97–112
April 2006 13–17 60ıN/0ıE, 65ıS/0ıE 14 12 20–33/72–84
aRD is the reference day that was used when calculating observed and modeled changes. For all modeling
locations, the geomagnetic latitude is about 60ı.
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Figure 2. Calculated daily mean EEP ionization rates at selected altitudes for the NH modeling
locations.
2. Modeling, Measurements, and Comparison
[6] Between 2004 and 2009, there were several energetic
electron precipitation (EEP) events which had a clear effect
on mesospheric hydroxyl [Andersson et al., 2012]. In this
work we consider four of the strongest events that occurred
during this time period: January, March, May 2005, and
April 2006. These events were selected to provide the most
detectable electron forcing on the middle atmosphere and
thus are best suited for our purpose of testing the qual-
ity of the satellite-based electron fluxes. Also, these time
periods are not affected by SPEs, during which the elec-
tron flux measurements are corrupted by protons [Rodger
et al., 2010a].
2.1. Sodankylä Ion and Neutral Chemistry Model
[7] The Sodankylä Ion and Neutral Chemistry model is a
one-dimensional tool designed for ionospheric and middle
atmospheric studies. The latest version solves the concentra-
tions of 65 ions, including 29 negative ions and 16 neutral
species between 20 and 150 km altitude (1 km resolution). A
chemical scheme of about 400 reactions is included (includ-
ing standard Ox, HOx, and NOx neutral chemistry), as well
as external forcing by solar radiation (ultraviolet, visible,
and soft X-ray), electron and proton precipitation, and galac-
tic cosmic rays. In this study, the temporal resolution was
selected to be 15 min. A more detailed description of SIC
is given elsewhere [Verronen et al., 2005; Verronen, 2006;
Turunen et al., 2009].
[8] Considering the effects of electron precipitation, in
the SIC model the calculation of ionization rates uses an
experimental energy dissipation function and energy range
relation for electrons (see Rees [1989, Chapter 3.3] for more
details). The dissipation function assumes an isotropic angu-
lar distribution, and the range of electrons is calculated
using the expression given by Goldberg et al. [1984]. The
chemical production of HOx species in the model, after
ionization takes place, involves dissociation of H2O, water
cluster ion formation through positive ion chemistry, and
recombination processes which lead to OH and H produc-
tion [Verronen and Lehmann, 2013]. The produced HOx
then affects ozone in the mesosphere through the well-
known catalytic reaction cycles of neutral chemistry [e.g.,
Grenfell et al., 2006].
[9] The ionization rate calculation requires an energy-
flux spectrum of electrons. In construction of the spectra,
we combined observations from two satellite instruments:
MEPED/POES and IDP/DEMETER [Evans and Greer,
2004; Sauvaud et al., 2006]. MEPED observations are avail-
able for three energy threshold channels, >30 keV, >100 keV,
and >300 keV, from three different POES satellites. We uti-
lized data from magnetic latitudes 55 – 65ı (McIlwain L
shells 3.0–5.7) gathered by the 0ı detector, which points
radially outward along the Earth satellite direction and mea-
sures count rates of precipitating radiation belt electrons
[Rodger et al., 2010a, 2010b]. Following the previous work
in this area [Verronen et al., 2011; Andersson et al., 2012;
Hendry et al., 2012], we exclude fluxes from the South
Atlantic region, where the instrument is contaminated by
high-energy protons. We then calculated daily zonal mean
of the electron fluxes for the three MEPED energy chan-
nels and used them to fit an energy spectrum. The spectral
form of the fit is based on the power law relationship
previously found to be appropriate using observations of
the IDP instrument [Clilverd et al., 2010]. IDP has 128
energy channels and thus a vastly better energy resolu-
tion compared to the three integral channels from MEPED.
However, IDP does not measure precipitating electrons but
electrons in the drift loss cone, i.e., electrons that have a
pitch angle close to the precipitation limit but which drift
around the Earth to be lost where the magnetic field is weak-
est (in the South Atlantic). Therefore, our assumption is
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Figure 3. Comparison between modeled and observed EEP-caused relative change of OH and ozone at
about 75 km for January NH (left) and March SH (right) 2005. Red lines denote the SIC data showing
100  (EEP/CTR - 1), where EEP and CTR are gas concentrations from the electron and control runs,
respectively. Red X marks are the same as the red lines, except that CTR is replaced by first day result
from the EEP run and shown only at the LST of MLS observations. Blue circles denote MLS data showing
the change with respect to the observations on the day before EEP peak (see Table 1). Gray shading marks
are the local times with solar zenith angle larger than 100ı, i.e., approximately nighttime.
that the precipitating electrons have same spectral form as
those in the drift loss cone, as they are very close in pitch
angle space.
[10] Figure 1 shows examples of electron energy spec-
tra (left) and ionization rates (right) for three different days
in January 2005: before (1 January), during (2 January),
and after (3 January) an EEP event. The flux on 2 January
exceeds the 1 January flux by almost two orders of mag-
nitude at the lower energies, while at the highest energies
there is an increase by a factor of three. When the elec-
tron flux peaks, ionization rates are about 10 times higher
than the values before the peak EEP, with the maximum
increase between 70–100 km. It is important to note that the
atmospheric penetration depth of an electron depends on its
energy [e.g., Turunen et al., 2009, Figure 3]. As shown in
Figure 1, the calculated ionization rate is always zero below
50 km because we do not consider electrons with energies
larger than 2000 keV, which would penetrate to stratospheric
altitudes. This upper energy limit is set by the MEPED and
IDP measurements, because both instruments respond to
electron energies less than about 2500 keV only [Evans and
Greer, 2004]. The lower limit of electron energy is set at
50 keV in order to capture the EEP effect at altitudes below
about 90 km.
[11] The times and locations of the model runs are given
in Table 1. For each of the four cases, the SIC model was
run for two geographic locations, one in the Northern Hemi-
sphere (NH) and one in the Southern Hemisphere (SH).
These locations are at about 60ıN/S geomagnetic latitude,
which connects to the center of the outer radiation belt via
magnetic field lines. For each location/month, two model
runs were made: (1) an EEP run with the observed, daily
average EEP forcing and (2) a CTR (control) run with low
and constant EEP forcing corresponding to quiet time condi-
tions (defined as the average of 3–4 March 2005). MLS/Aura
observations of water vapor (H2O) and temperature (T),
monthly averaged for each case separately, were used in the
SIC modeling to provide more realistic atmospheric condi-
tions. The rest of the background neutral atmosphere and
daily solar flux spectrum were generated using the MSISE-
90 and the SOLAR2000 models, respectively [Hedin, 1991;
Tobiska et al., 2000]. To make the model results and satel-
lite measurements comparable, OH and O3 altitude profiles
from SIC were interpolated to the logarithmic pressure grid
of MLS observations. Then, the MLS averaging kernel was
applied to O3 profiles from SIC to compensate for the coarser
vertical resolution of the MLS observations [see Livesey et
al., 2011, for more details]. The vertical resolution of MLS
OH observations is closer to the 1 km model resolution, i.e.,
2.5 km at all altitudes below 80 km, and thus, the OH averag-
ing kernel was not applied to model results because its effect
would be small. Note that the results are presented on a ver-
tical grid of approximate altitudes, which correspond to the
pressure levels of the MLS observations.
2.2. Observations of Hydroxyl and Ozone
[12] The MLS instrument on board the Aura satellite was
launched in July 2004 [Waters et al., 2006]. The Aura satel-
lite is in a high-inclination orbit, and the MLS observations
cover the polar regions (geographic latitudes less than 82ı).
Detailed information on the MLS OH and O3 products can
be found elsewhere [Pickett et al., 2008; Jiang et al., 2007;
Livesey et al., 2011]. We use Version 3.3 Level 2 nighttime
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Figure 4. Comparison of NH modeled and observed nighttime OH concentrations (left) before, (mid-
dle) during, and (right) after the peak EEP day. (top to bottom) January 2005, March 2005, May 2005,
and April 2006. Black, red, and blue colors mark the data from SIC CTR run, SIC EEP run, and MLS
observations, respectively.
(solar zenith angle  100ı) data from geomagnetic lati-
tudes 59–65ı from both hemispheres. At these latitudes,
MLS nighttime observations correspond to local times of
22:00–02:00 and 02:00–03:30 in the SH and NH, respec-
tively. Before the analysis, the data were screened according
to the MLS data description and quality document [Livesey
et al., 2011]. We then calculated nightly zonal averages and
corresponding SEMs (standard error of the mean) at each
pressure level of MLS observations. The number of individ-
ual profiles used in calculating the means varied between
100 (NH) in January to 15 (NH) in May (see Table 1).
Due to the incomplete nighttime zonal coverage in January
SH and May NH, the longitudinal range was limited to
0–180ı E and 0–180ı W, respectively. For these two cases,
the model runs were made at 50ıS/105ıE (January) and at
55ıN/75ıW (May), according to the radiation belt position
at these longitudes.
[13] We have chosen to work with daily zonal aver-
ages instead of a finer temporal and spatial resolution. This
approach reduces uncertainties of the observational data to
an acceptable level but, on the other hand, it restricts us
from fine detail comparisons between the SIC model and
MLS observations. However, since the aim is to understands
if large corrections (e.g., scaling factors of 10) are needed
for the electron flux data, the current approach is appropri-
ate for this study. For a given geographic latitude, the MLS
observations have the same local solar time (LST) at all
longitudes. So daily zonal averages only include observa-
tions of about the same LST (the LST range depending on
the latitude range selection). Because we force the model
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Table 2. Observed (MLS) and Modeled (SIC) OH Changes Caused by the Peak EEP
Day Forcing in the Northern Hemispherea
MLS MLS SIC SIC
Alt (km) 60–70 71–81 60–70 71–81
02 Jan 2005 0.8 (24%) 6.0 (70%) 1.5 (67%) 6.1 (65%)
07 Mar 2005 1.6 (67%) 7.2 (108%) 4.7 (240%) 8.5 (200%)
30 May 2005 –2.1 (–30%) 2.6 (34%) 5.5 (94%) 12.7 (140%)
14 Apr 2006 0.7 (55%) 10.9 (266%) 5.1 (179%) 14.4 (240%)
aBoth absolute (in units 105 cm–3) and relative changes (in brackets) are shown. Columns from
left to right denote (1) EEP peak day, (2) observed mean change at 60–70 km, (3) observed mean
change at 71–81 km, (4) modeled mean change at 60–70 km, and (5) modeled mean change at
71–81 km. The SIC changes (columns 4 and 5) are calculated from the EEP run results. Both SIC
and MLS changes are relative to the day before, as indicated in Table 1 (reference day). The SEM
of the MLS numbers varies between 15 and 45%.
with daily zonal mean electron fluxes, the model results at
different longitudes (but sampled at the same LST) would
not be significantly different. Thus, the model results from
one longitude are comparable to the daily zonal mean of
MLS observations. Note that HOx production is nearly lin-
ear with respect to particle ionization rate (although the HOx
production efficiency does decrease slowly with increasing
ionization [see, e.g., Verronen and Lehmann, 2013]), which
means that the daily average ionization rates produce a mod-
eled OH result that should be very similar to daily average
OH results produced using a finer temporal resolution for the
ionization rates.
3. Results
[14] Figure 2 shows the temporal variation of the calcu-
lated NH daily EEP ionization rates at 60, 70, and 80 km.
In all four cases there are substantial day-to-day variations
in ionization, which should lead to observable changes in
mesospheric OH concentrations. On quiet days the ioniza-
tion rates are between 1 and 10 cm–3s–1 at all altitudes
shown, while the peak ionization during EEP events can
exceed 102 cm–3s–1. For comparison, the ionization by solar
Lyman-˛ radiation and galactic cosmic rays typically varies
between 0.1 and 10 cm–3s–1 at these altitudes, and during
very large SPEs the daily average ionization rate can be
higher than 103 cm–3s–1. Therefore, the peak EEP ionization
rates are clearly higher than the normal background but are
still about an order of magnitude lower than for the largest
SPEs.
[15] Figure 3 presents a comparison between the modeled
and observed EEP-related relative changes of OH and O3 at
about 75 km altitude for two of the cases: January 2005/NH
and March 2005/SH, which represent the magnitude range
of the EEP effects. For the model results, the change is
shown (1) between the EEP and CTR runs (red line) and
(2) between the EEP run and the first day value of the EEP
run (red X marks, only for the LST of MLS observations).
[16] First looking at the modeled change with CTR run
as a reference, the model results clearly show how the rel-
ative change is dependent on local time. For example, the
largest OH increases are seen in the early morning hours,
around sunrise, when the background OH concentration is
lowest. In March 2005/SH, when the noon solar zenith
angle is much lower than in January, the noontime OH
increase is negligible, i.e., of the order of 1%. Also, the
ozone change is dependent on the local time; its depletion
taking place at sunrise and sunset when (1) HOx concen-
tration is elevated by EEP and (2) enough atomic oxygen
is available for the ozone-destroying catalytic HOx reaction
cycles (note that the sunrise decrease of ozone is not always
seen in Figure 3 because a decrease in daily EEP forcing
from the previous day can lead to ozone recovery at sun-
rise). Thus, the largest ozone changes do not necessarily
coincide with the largest OH changes. At night, no signif-
icant production or loss of O3 takes place because of the
absence of solar radiation and atomic oxygen. Contrary to
the model results, the observations are only available at cer-
tain local times, as shown in Figure 3. In the case of OH,
the model results are in general agreement with the obser-
vations, predicting maximum increases that reach 80–100%
at the local time of the observations. However, in January/
NH SIC tends to underestimate the EEP impact (MLS shows
increase by 165% on 2 January), and in March/SH the
model is overestimating the change on 8 March. However,
on many days the data points agree or nearly agree within
the SEM of the observations (shown by the error bar in
Figure 3). For ozone, the modeled depletion is up to 40%
and 16% in January/NH and March/SH, respectively, vary-
ing from day to day with the level of EEP forcing and the
related OH change. The observations do show a smaller
decrease in January/NH, up to 25–30% only, but quali-
tatively, the day-to-day behavior (depletion and recovery)
is similar to the model in both cases. Note that the SEM
of the ozone observations in March/SH is larger than the
predicted changes.
Table 3. Differences Between Modeled (CTR and EEP Runs) and
Observed (MLS) OH Concentrations, Averaged Between 60 and
78 kma
CTR versus MLS EEP versus MLS
105 cm–3 (%) 105 cm–3 (%)
02 Jan 2005 NH 4.7 (–59) 1.2 (–11)
SH 8.1 (–23) 6.3 (+8)
07 Mar 2005 NH 5.3 (–54) 3.1 (+44)
SH 6.6 (–52) 3.7 (–17)
30 May 2005 NH 3.7 (+46) 8.0 (+219)
SH 3.8 (–47) 2.5 (–10)
14 Apr 2006 NH 4.8 (–40) 4.5 (+70)
SH 4.5 (–45) 2.4 (–12)
aAbsolute differences are calculated as abs(SIC – MLS) and relative dif-
ferences as 100 (SIC/MLS – 1). For each month, the upper line is for NH
and the lower line for SH.
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Figure 5. Similar to Figure 4 but for SH.
[17] When the modeled changes are shown relative to the
first day value (1 January and 5 March), in January/NH both
the OH increase and ozone depletion are smaller than when
using CTR run as a reference. This is because the EEP ion-
ization rates are already elevated on 1 January (Figure 2).
The maximum OH increase on 2 January is 70%, which
is again smaller than that observed. On the other hand, the
ozone change is in a better agreement with MLS although
still overestimated on 3 and 4 January. In March/SH, the
modeled OH change is not much different compared to
that relative to the CTR run. The ozone change is different
because the day-to-day background variability is compara-
ble to that driven by EEP. In this case, the CTR run reference
gives a better estimate of ozone changes, because it removes
the underlying day-to-day variability.
[18] Figure 4 shows the NH comparisons between SIC
and MLS daily concentration profiles (1) before, (2) during,
and (3) after the peak EEP day. In all cases, the modeled OH
concentrations are elevated on the peak EEP day compared
to the day before and then at least partly recover on the fol-
lowing day. Largest effects are seen at altitudes between 60
and 80 km. Although there are clear differences in absolute
numbers between MLS and SIC at a number of altitudes,
the model seems to be able to qualitatively represent most
of the observed day-to-day changes in OH. Table 2 presents
the observed and modeled NH mean OH increase from the
Table 4. Similar to Table 2 but for Southern Hemisphere
MLS MLS SIC SIC
Alt (km) 60–70 71–81 60–70 71–81
02 Jan 2005 3.7 (53%) -1.5 (-17%) 1.7 (30%) 4.1 (33%)
07 Mar 2005 3.6 (94%) 8.9 (124%) 2.7 (65%) 7.8 (77%)
30 May 2005 2.1 (50%) 6.7 (73%) 7.5 (190%) 12.4 (70%)
14 Apr 2006 2.2 (69%) 6.4 (81%) 3.5 (130%) 8.1 (69%)
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Figure 6. Comparison of modeled and observed nighttime ozone mixing ratios. (top row) January 2005,
NH. (bottom row) March 2005, SH. Black, red, and blue colors mark the data from SIC CTR run, SIC
EEP run, and MLS observations, respectively.
day before to peak EEP concentrations at 60–70 km and
71–81 km. In general, SIC tends to overestimate rather than
underestimate the increase compared to MLS although the
difference is only in tens of percent in most cases. At higher
altitudes, this is caused in few cases by an overestimation of
the EEP effect in the model (e.g., 14 April 2006 in Figure 4),
while at lower altitudes the difference in relative change is
at least partly due to lower reference concentrations (CTR)
in SIC (e.g., 05 March 2005 in Figure 4). On 30 May 2005
the difference between SIC and MLS is especially large, the
EEP model run predicting clearly larger amounts of OH than
those observed. The larger differences could be related to
the smaller amount of MLS measurements available for this
month, because a nightly zonal mean calculated with lim-
ited number of available data points is less representative of
the rapidly changing EEP effect. As shown in Table 3, on
the EEP peak days the OH profiles from the EEP run agree
with MLS observations better than those from the CTR run,
except in May 2005.
[19] Figure 5 and Table 4 present the same comparison
for the SH. In general, the absolute increase in OH is similar
to that in the NH, both in observations and modeling, except
that at 60–70 km MLS observes in all cases larger absolute
OH increase than in the NH. The general agreement in OH
change between the SIC EEP run and observations is bet-
ter in the SH. However, again on 30-May-2005 the model
clearly overestimates the OH concentration at all altitude
between 65 and 75 km. Note that below 70 km, MLS OH
concentrations are generally higher than values predicted
by the model, this was also seen in some cases in the NH
(Figure 4). In all cases, the MLS EEP peak day OH pro-
files agree better with the EEP run than with the CTR run
(Table 3).
[20] The increase in HOx leads to significant deple-
tion of mesospheric ozone, as already shown in Figure 3.
The observed and modeled O3 mixing ratios are shown in
Figure 6 for two cases: January 2005, NH, and March 2005,
SH. The notable difference between the ozone altitude pro-
files is the tertiary ozone maximum around 75 km [e.g.,
Sofieva et al., 2009, and references therein], which in our
study is observed in January/NH but not in March/SH. In
both cases, modeled ozone depletion is seen at altitudes
above 65 km after the peak EEP days, but the March/SH
changes are much smaller, because sunrise/sunset OH
increases are modest compared to January/NH (Figure 3).
The ozone results from the EEP model run are in agree-
ment with observations at most altitudes, indicating a similar
day-to-day variability with respect to EEP forcing. In Jan-
uary/NH, the maximum depletion is observed at 75 km,
where a decrease of about 0.4 ppmv is seen on 3 and 4
January compared to 1 January, while there is a decrease
of 0.5–0.6 ppmv in the EEP run results with respect to 1
January. By 7 January, the EEP forcing has declined from
the peak values, and the ozone mixing ratios have returned
close to the pre-EEP peak level. Compared to the CTR run
results, those from the EEP run are clearly in better agree-
ment with the MLS observations. In March/SH at 75 km,
ozone depletion of up to 0.1 ppmv is observed on 8 and 9
March, compared to 5 March. However, although the EEP
run results indicate a similar behavior, this change is smaller
than the SEM of the observations. Observing effects of this
magnitude is obviously challenging.
4. Discussion
[21] The SIC model is producing EEP-related OH
changes that are comparable to those observed by MLS,
and the effects are seen at altitudes between 60 and 80 km,
which is in agreement with previous studies using only
observations [Verronen et al., 2011; Andersson et al., 2012].
However, as shown in Figure 1, the calculated ionization
rates fall off rapidly below 60 km, because of the applied
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2 MeV upper limit for electron energies. As a result, the cal-
culated EEP impact might be somewhat underestimated in
the lower mesosphere, which could explain some of the OH
underestimation in the model below 60 km. Although it is
possible that the same spectral form is applicable for ener-
gies higher than 2 MeV too, the satellite-based electron data
cannot be used to support or falsify this assumption.
[22] The agreement between the modeled and observed
OH response indicates that by introducing the daily aver-
age electron flux-energy spectra, based on MEPED and IDP
electron data, the EEP effect on the mesosphere can be mod-
eled reasonably well. Note especially that, in general, the
EEP-related change on the peak EEP day (relative to the
day before) is overestimated also at lower altitudes (Tables 2
and 4), not underestimated. However, in 60–70% of the days
shown in Figures 4 and 5 the model tends to underestimate
the observed OH concentration (in absolute numbers) below
70 km, except in some cases where the EEP ionization is
very low (e.g., 12 April 2006, NH, Figure 4). This could per-
haps mean that the assumed spectral form leads to too low
electron fluxes at higher energies and is consistent with the
idea that an adjusting factor is required for higher energy
electron precipitation (>300 keV electrons penetrate to alti-
tudes below 70 km). Also, the fact that model-observation
differences at <70 km altitudes occur also during moderate
electron forcing is consistent with weak diffusion processes
taking place in the radiation belts which will increase the
satellite flux adjustment factor for >300 keV electrons dur-
ing moderate forcing events [e.g., Clilverd et al., 2012].
[23] On the other hand, the fact that in Figures 4 and 5
the model underestimation is sometimes seen with low elec-
tron forcing (e.g., 5 March 2005 NH and 12 April 2006 SH)
might also suggest a reason other than incorrect EEP fluxes.
For example, there are also uncertainties related to, e.g.,
the assumption of angular distribution of electrons, and
the additional ionization by Bremsstrahlung X-ray radiation
produced by precipitating electrons is not considered (which
would add to the ionization at the lower altitudes, below
the main ionization peak [see, e.g., Schröter et al., 2006]).
Considering also that at lower altitudes the EEP effect is
expected to be relatively small and that there is generally
less OH (which makes the observation noisier), the overall
agreement in OH is quite reasonable. Therefore, there seems
to be no need for substantial (e.g., factor of 10) corrections to
the electron flux observations, as suggested before [Hendry
et al., 2012; Clilverd et al., 2012], at least not in the energy
range corresponding to the OH changes at 70–80 km. As a
test, we multiplied the calculated electron flux values at all
energies by a factor of 10 and repeated the modeling for the
case of March 2005. The elevated fluxes resulted in signifi-
cantly higher OH values from the model (not shown), with
average difference between model and the observations at
60–78 km reaching 500%. This is obviously a poor agree-
ment compared to that between the observations and the
original EEP model results (Table 3).
[24] As shown in Figures 3 and 6, EEP events can
cause short-term depletion of tens of percent in mesospheric
ozone. These changes are similar to those caused by large
SPEs, although having a somewhat smaller magnitude. For
example, during the SPE of 18 January 2005, ozone was
depleted by up to 90% at 70–80 km [e.g., Verronen et al.,
2006]. In our study, the largest ozone effect was seen in the
NH for the January 2005 case. This is in agreement with
previous studies of SPEs that have reported relatively larger
ozone response in the winter pole, related to the hemispheric
differences in background HOx concentration [Rohen et al.,
2005; Jackman et al., 2008; Damiani et al., 2010].
[25] In a recent study, mesospheric hydroxyl obser-
vations from August 2004 to December 2009 indicated
an observable response to EEP in 22 (34%) of the 65
months analyzed [Andersson et al., 2012]. During the same
time period, 13 SPEs of various magnitudes took place
according to the NOAA Space Weather Prediction Center
(http://www.swpc.noaa.gov/ftpdir/indices/SPE.txt, accessed
in January 2013). Assuming that all 13 SPEs had an impact
on the mesospheric OH concentrations, the rate of large
enough EEP events exceeds the rate of hydroxyl-affecting
SPEs by 70% during this time period. Therefore, it is rea-
sonable to argue that on time scales of a solar cycle, the
EEP forcing could be more important to mesospheric OH
and ozone than SPEs. Obviously, longer time series of data,
preferably covering several solar cycles, would be needed
for more quantitative conclusions.
5. Summary
[26] We have used a 1-D ion and neutral chemistry model
to study the effects of radiation belt electron precipitation
in the middle atmosphere. We considered four events, each
with high daily fluxes of precipitating electrons observed in
the outer radiation belt. For the modeling, the energy-flux
spectra of electrons, and subsequently, the atmospheric ion-
ization rates, were calculated based on electron observations
of the MEPED and IDP satellite instruments.
[27] The model results show that the energetic electron
precipitation can have a significant effect on mesospheric
OH and ozone. The maximum OH increase can reach sev-
eral hundred percent, but the magnitude of the relative effect
depends strongly on the solar zenith angle and the level of
background OH production. Largest relative OH increases
are seen in the winter pole and around sunrise. The OH
enhancements lead to ozone depletion by up to several tens
of percent, which is comparable to the effects previously
reported in cases of large SPEs. In general, the model is able
to reproduce the observed daily variability of OH and ozone,
particularly at 70–80 km altitudes, although there are signif-
icant differences in absolute OH concentrations in the lower
mesosphere. Some of the differences can be related to the
assumptions made in the calculation of the electron spectra
and atmospheric ionization rates. Nevertheless, the general
agreement between the model and the observations indicate
that the electron flux observations from satellites for ener-
gies < 300 keV can be used to model the atmospheric effects
of EEP at 70–80 km, without a need for significant geometri-
cal corrections. Some correction may be needed for energies
> 300 keV, although at lower altitudes we cannot make any
strong conclusion based on the current results.
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